Rationale: Acquired resistance is an important driver of multidrugresistant tuberculosis (TB), even with good treatment adherence.
According to the United Nations, "antimicrobial resistance has become one of the biggest threats to global health and endangers other major priorities, such as human development" (1) . A major component of this scourge is ascribable to multidrug-resistant (MDR), extensively drug resistant (XDR), and incurable tuberculosis (TB), which threaten to subvert the miracle of chemotherapy (2) (3) (4) . X/MDR-TB is unsustainably costly to treat and is a threat to healthcare workers, and mortality rates are worse than many cancers (2) (3) (4) (5) (6) . Acquired drug resistance (ADR) was first encountered as soon as chemotherapy was introduced, especially monotherapy, and has continued unabated (7) (8) (9) . During MDR-TB treatment, ADR to quinolones and/or aminoglycosides is encountered in 9% to 14% of patients, after an average of 4.5 months of combination therapy (10, 11) . Thus, ADR arises often, and quickly. The hope had been that directly observed therapy (DOTS) would eliminate ADR (7, 12, 13) . Unfortunately, the problem of ADR is not circumvented even with highquality DOTS (14) . Recent evidence indicates that one common proximate cause of ADR is suboptimal antibiotic concentrations due to pharmacokinetic variability (15) (16) (17) (18) . Moreover, TB cavities are also a known major risk factor for ADR. Indeed, in patients with MDR-TB, cavities are associated with a fivefold risk of developing XDR while on DOTS (10, 11, 19, 20) . However, what makes the lung cavity the cauldron where ADR is created, especially in the evolution from MDR-TB to either XDR or incurable TB?
In TB lung cavities (as we show in this report), antibiotics have to diffuse through a spherical volume of up to 1,000 cm 3 and traverse physicochemical barriers to reach high numbers of Mycobacterium tuberculosis (Mtb) organisms in the liquidphase/caseum in the cavity center. These barriers could lead to variability in drug penetration. Indeed, the relative differential penetration of several drugs into TB lung cavities has been recently characterized, which may explain antibiotic sterilizing effect patterns (21, 22) . Mathematical models have suggested that such antibiotic spatial heterogeneity, effectively resulting in monotherapy, could drive ADR in different bacteria, and this was specifically speculated to lead to ADR in TB (21, 23) . However, no evidence has yet been offered to support this in TB, and the precise pharmacological explanations for ADR within the human TB cavity remain unknown. Here we caught Mtb resistance in flagrante delicto in its associations with antibiotic concentrations inside the human lung cavity.
Methods Patient Recruitment and Dissection Procedures
In 2012 to 2013, we prospectively recruited patients referred to Groote Schuur hospital who had failed medical treatment and had been offered therapeutic surgical resection.
The study was approved by the Human Research Ethics Committee of the University of Cape Town. Patients signed informed consent before all study tests.
On the day of surgery, antibiotics were administered under supervision and timed. In the operating room, a blood draw was performed simultaneous with the start of lung removal and placed on ice. Resected lung was immediately placed on ice and taken to the Biosafety Level 3 laboratory. Lung dissection procedures to avoid cross-contamination were undertaken by the pathologist, as described in the online supplement, including biopsy of tissue from seven different positions in the lung relative to the cavity (see Figure E1 in the online supplement). The biopsy from each position was used to culture Mtb and to measure drug concentrations. A buffy coat was also collected from each patient for whole-exome sequencing (WES) to characterize potential genes affecting drug pharmacokinetics.
Assays and Sequencing
WES for patients, and whole-genome sequencing (WGS) of Mtb, quality control, analyses, and SNP calls were performed as described in the online supplement. Mtb minimum inhibitory concentrations (MICs) were identified using the two standard assays, described in the online supplement. Measurement of drug concentrations used a multiplexed assay that we developed, as described in detail in the online supplement.
Pharmacokinetic/Pharmacodynamic Modeling of the Clinical Data
Pharmacokinetic modeling of each drug, at each position, was performed using ADAPT 5 software. We followed compartmental pharmacokinetic modeling steps described in prior work and in the online supplement (15, 24) , from which we derived the 0-to 24-hour area under the concentration-time curve (AUC) and peak concentrations. The concentrations identified were then used to calculate the gradient, with serum as the reference concentration, because antibiotics will diffuse from blood vessels into the TB lesion.
AUC-to-MIC ratio, peak-to-MIC ratio, and percentage time concentration persists above MIC, or pharmacokinetic/ pharmacodynamic exposures, have a direct relationship to both resistance suppression and amplification of resistant
At a Glance Commentary
Scientific Knowledge on the Subject: There is evidence that tuberculosis (TB) drug penetration of human lung cavities is suboptimal, and it is widely accepted that most resistance arises in the TB cavity. However, how it arises and its relationship to drug levels has hitherto not been investigated. To our knowledge, this is the first study to evaluate how absolute drug levels vary at anatomically distinct locations across the human TB cavity and their relationship to phenotypic and genotypic susceptibility testing readouts.
What This Study Adds to the
Field: Collectively, these data have implications for the prevention of acquired resistance and may explain the poor efficacy of conventional multidrug-resistant (MDR) TB regimens. A fundamental reappraisal may be required regarding: 1) how anti-TB drugs and regimens are selected for clinical trials (focusing on drugs with high intracavitary penetration), 2) how drugs are delivered to the diseased lung, and 3) how drugs are dosed in individual patients to achieve high intracavitary concentrations. More comprehensive tests, such as deep sequencing, could be needed to detect micro-heteroresistance so that sputum readouts better approximate what is happening in the cavity. This will facilitate personalized medicine and individualized therapy to prevent resistance amplification in patients with MDR and or extensively drug resistant TB.
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subpopulations (15, (25) (26) (27) (28) (29) (30) . We calculated the AUC/MIC and peak/MIC at each cavity position. We also calculated the different intracellular pharmacokinetic/pharmacodynamic exposures of moxifloxacin, ethambutol, pyrazinamide, and isoniazid, on the basis of our prior studies (31, 32) .
Sample Size Justification and Statistical Methods
A sample size of 14 patients allowed us to derive estimates with adequate power and confidence, as outlined in the online data supplement. We computed how different drug pharmacokinetic parameters were correlated with MIC at the different cavity locations using Pearson, Spearman, and Kendall methods. We also calculated how accurate sputum MICs were in predicting the MICs of the different isolates in the lung cavity in the same patient, on the basis of the formula for forecasting accuracy we have used in the past (33) .
Results

Patient Clinical and Pharmacogenomic Features
We prospectively recruited 14 patients, whose TB histories and clinical features are shown in Table 1 . Thirteen of the 14 (93%) patients had a documented prior history of TB treatments and had progressively acquired new drug resistance. All patients were receiving chemotherapy consisting of a cocktail of eight drugs: clofazimine, ethambutol, isoniazid, pyrazinamide, ethionamide, moxifloxacin, paraaminosalicylic acid (PAS), and terizidone (active moiety is cycloserine). Dosing was personalized, as shown in Table E1 in the online supplement. The most common antibiotic added to the eight was capreomycin (6 of 14, 43%) ( Table  E1 ). The patients had been on this therapy for a median of 13 months (range, 5-31 mo), and on DOTS, at the time of surgery.
Patient WES target enrichment was highly specific and efficient; about 70% of reads were on target and showed greater than 60 to 70 times average fold coverage. Nonsynonymous SNPs are summarized in the online supplement (Table E2) for the genes relevant to the cocktail of drugs patients were taking or had taken in the past. Table E3 shows the base substitutions in the relevant genes of each patient. Patients carried SNPs associated with either rapid metabolism or extensive transport of the antibiotics, consistent with pharmacokinetic variability as part of the events leading to the ADR.
Cavity Dissection and Drug Concentrations in Lung Cavities
The median (range) cavity diameter on the basis of caliper measurements was 4 cm (2-8 cm), and the volume of normal-appearing lung tissue plus the cavity biopsied covered a sphere of 382 cm 3 (180-1,150 cm 3 ). Human lung tissue from patients without TB was also spiked with known concentrations of each drug and then processed in a similar way to the TB cavity samples; the team members measuring drug concentrations were blinded to the existence of these samples. The concentrations in the spiked tissue were exactly as were spiked, which means that there was no degradation of drug due to the processing of the tissue.
The drug concentrations measured at each lung position are shown in Figure E2 . The posttest results documenting the D-optimality-derived sampling time accuracy are shown in Figure E3 . As described in detail in the online supplement, single timepoint drug concentrations can accurately identify compartmental pharmacokinetic parameters and variances; we identified the serum pharmacokinetic parameter estimates shown in Table E4 . The isoniazid, ethambutol, pyrazinamide, and terizidone pharmacokinetic parameter estimates were in the range of those we have identified with intensive pharmacokinetic sampling ORIGINAL ARTICLE schedules in the general Western Cape TB population in the past (15, 24, 34) , which means that even with the single time-point sampling, the pharmacokinetic modeling identified precise clearances and volumes of distribution. The drug clearances in Table E4 were on the higher end of the distribution for these prior study populations, consistent with drug metabolism SNPs identified in Tables  E2 and E3 . Scatter plots of AUC versus cavity distance and position ratios at these points revealed that the lowest concentrations were most commonly encountered in the cavity center or the air-caseum interface, mathematically reminiscent of dynamical sinks (35) . Therefore, we modeled the AUCs versus distance in centimeters (with serum designated 0 cm) using the dynamical sink model detailed in the online supplement, which revealed the results shown in Figures 1A-1G . Figure 1 shows that model fits for moxifloxacin and isoniazid demonstrated the potential well of the sink at around 6 cm, which is at the air-caseum interface, consistent with steep decline in drug diffusion across the fibrotic cavity wall and the air-caseum interface. Ethambutol had a similar shape, but in all cavity positions ethambutol concentration was higher than in serum. The increases in concentration of these drugs in the airways (second shoulder) could reflect a second drug diffusion direction and source, likely from the bronchial arterial circulation. For ethionamide, PAS, pyrazinamide, and cycloserine, Figure 1 shows a second decline pattern, a steep but smooth decline in the first 1 to 2 cm and before the cavity wall. Clofazimine is not shown because the concentrations in the cavity were below limits of quantitation in our assay, except in one patient, and represent an extreme example of reduced penetration. The clofazimine could still be detected inside cavities of 5 of 14 patients and was thus above limits of detection of 0.31 mg/L but below limits of quantitation.
The mean number of drugs (percentage coefficient of variation) detected at each lung cavity position was 3.0 (59.0%), whereas those above lower limit of quantitation were 2.8 (64.8%) (drugs shown in Figure E4 ).The mean number of drugs with effective concentrations above the lowest MIC in epidemiologic study distributions reported in the literature fell to 2.1 (70.6%) drugs (P , 0.01), shown by cavity position in Figure 1H (24, 30, (36) (37) (38) . Because all patients were receiving at least eight drugs, this means that penetration into the cavity was highly variable. Only 19 (21%) of the different cavity positions had effective monotherapy, at the most, which means that in the majority of positions mechanisms other than monotherapy better explained ADR.
MICs of Different Antibiotics by Cavity Geospatial Location
MIC results were the same on two separate occasions and, as shown in Figures 2A-2F , are arranged by cavity position. The MICs for different drugs differed between the sputum and the different lung positions, which means that MICs were geospatially constrained. Uniquely, isolates in the same cavity would have MICs above critical concentration, indicating resistance, whereas those from other positions in the same cavity were drug susceptible. This means that the Mtb was still in the process of developing ADR, consistent with patient history. The MICs of isoniazid, rifampicin, pyrazinamide, and kanamycin were all at or above the highest concentration we used in the assay. Conversely, all linezolid and clofazimine MICs were at less than or equal to 0.5 mg/L, which is the lowest concentration tested in the assay.
Given that MICs were geospatially constrained, we calculated how accurate contemporaneous sputum isolates' MICs were in predicting the MICs at the lung cavity positions in the same patient, which revealed results shown in Figure 2G . These isolates derived from sputum and cavity samples were contemporaneously collected at the time of surgery and are distinct from serial isolates collected before and during the course of treatment in seven patients. The lowest accuracy was for moxifloxacin sputum MICs, which was 30.56% (95% confidence interval [CI], 5.14-55.97%), and the highest predictive accuracy was for amikacin MICs, which was 95.56% (95% CI, 90.18-100.90%). However, the high predictive accuracy for amikacin was an outlier and artifactual: 47 of 63 (75%) MIC values greater than or equal to 16 mg/L, which was the highest amikacin concentration tested in the assay. Overall, the accuracy was 54.6 (95% CI, 47.6-61.6) if all MICs were included, and 49.48% (95% CI, 52.51-79.71%) when amikacin MICs were excluded. Figure 2H is a sensitivity analysis in which all results with a onetube dilution difference in MIC compared with sputum MIC were excluded from the analysis; the predictive accuracy was 55.46% (95% CI, 47.20-63.74%). If, on the other hand, the one-tube dilution difference with sputum was considered an identical MIC value, then the predictive accuracy was 61.76% (95% CI, 54.63-68.89%). Thus, the accuracy did not change much regardless of assumption changes, and the sputum MICs remained poor predictors of drug susceptibilities of isolates in lung cavities.
The Relationship between MIC and Location-Specific Concentration Heterogeneity
Each progressively higher MIC makes it increasingly more difficult to achieve bactericidal and sterilizing effect and indicates more resistant bacteria; we defined ADR as an increase in the MIC to values above specific critical concentrations (15, (24) (25) (26) (27) (28) (29) (30) . Thus, MIC values are a sine qua non of resistance (15, 24-30, 36, 39-42) . The correlation coefficients between MIC (and hence degree of resistance) and different drug concentration measures are shown in Figure 3 . We examined Pearson, Kendal tau, and Spearman correlations: all three showed similar results. There were statistically significant and high negative correlations between moxifloxacin, Figure 1 . (Continued). isoniazid, the potential "well" of the sink is at the air-caseum interface (marked "cavity center" in figure) , and the shape suggests two directions of diffusion from outside the cavity and also directly into airways. For (B) ethionamide, (E) pyrazinamide, (F) cycloserine, and (G) paraaminosalicylic acid (PAS), there is steep decline, consistent with concentration declining inversely proportional to an exponent of the distance from the source. (H) Heat map showing the effective number of drugs at each location. The percentage of patients with the number of drugs at each position is shown by shades of blue (scale); as an example, in position 7 (airway) 50% of patients had two effective drugs (deep blue). The heat map shows the heterogeneity in drug penetration into each geospatial location. The number of effective drugs by cavity position using each of the three definitions is shown in Figure E4 . NALT = normal-appearing lung tissue. For each drug, we examined how accurate the sputum MIC value was in predicting the MIC of Mycobacterium tuberculosis isolates inside that patient's single cavity. We tested isolates in one cavity from each patient, although most patients had more than one cavity.
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ethambutol, or cycloserine MICs versus concentrations in a number of cavity positions ( Figures 3A-3C) . In other words, low drug concentrations at a position were associated with higher MICs. For ethambutol and moxifloxacin, peak concentrations had higher correlation coefficients with MICs than did AUC, whereas for cycloserine it was the opposite. A very informative situation was encountered with clofazimine and linezolid. Only one patient was receiving linezolid treatment, and thus Mtb isolates in patients' cavities had not been exposed to the drug before surgery. Consistent with that, linezolid MICs were less than or equal to 0.5 mg/L in all cavity isolates, indicating no resistance. Similarly, the clofazimine MICs were less than or equal to 0.5 mg/L in all isolates, as if the isolates had not been exposed to the clofazimine despite months of therapy, consistent with our finding of below limits of quantitation clofazimine concentrations inside cavities. Finally, we examined the relationship between the number of drugs at each cavity location to MICs, with results shown in Figure 3D In general, the correlation between number of drugs and MIC was low, and no position had correlation associated with a P , 0.05. This means, surprisingly, that spatial monotherapy, or even dual therapy, was the least strongly correlated with acquired drug resistance, likely because eight or more drugs were administered. NALT = normal-appearing lung tissue.
monotherapy locations. Figure 3D shows that ethambutol showed the strongest negative correlation with MIC; however, the P values for the number of drugs did not reach statistical significance in any position, suggesting that spatial monotherapy was not associated with MICs. The same lack of statistical significance held true when the number of drugs was defined as either any detectable drugs or as those above the limits of quantitation. In prior studies, the free drug exposures associated with resistance amplification were an ethambutol peak/MIC of less than 49 and AUC 0-24 /MIC , 272, a pyrazinamide percentage time above MIC , 67%, which translates to a peak/MIC , 2.5, or an AUC 0-24 /MIC , 43, an isoniazid peak/MIC , 150 and an AUC 0-24 /MIC , 700, and a moxifloxacin AUC 0-24 /MIC , 106 (25) (26) (27) 29) . (A) For the extracellular AUC/MIC ratios, the proportions of positions with exposures that have been demonstrated to amplify the population of drug-resistant mutants in the hollow fiber system model of tuberculosis were 100% for ethambutol, 100% for pyrazinamide, and 100% for isoniazid, but 80% for moxifloxacin. The hatched line indicates exposures above and below a ratio of 1. Although the resistance amplification ratios for the rest of the drugs are unknown, the median AUC 0-24 /MIC values of clofazimine (0.05), ethionamide (0.03), and cycloserine (terizidone, 0.25) mean that most values were below the MIC, except for para-aminosalicylic acid (PAS). (B) On the basis of the extracellular peak/MIC ratios, the proportions of positions with exposures that amplify drug-resistant subpopulations were 100% for all drugs. The median peak/MIC ratios for ethionamide (ratio = 0.008), cycloserine (ratio = 0.033), and clofazimine (ratio = 0.002) mean that these drugs had more peak concentrations below MIC, with the exception of PAS (ratio = 14). (C) Because of intracellular accumulation of the drugs, the AUC/MICs were in the resistance amplification range for 100% for ethambutol and isoniazid, 98% for pyrazinamide, and 73% for moxifloxacin. (D) For intracellular peak/MIC ratios, all ethambutol and isoniazid exposures were in the resistance amplification range, but for only 59% of pyrazinamide. Figure 4A shows that the mean AUC/MIC ratio for isoniazid (2.3 6 3.8), ethambutol (3.5 6 4.4), pyrazinamide (0.4 6 0.6), and moxifloxacin (27 6 54) among extracellular bacteria were all in the exact range associated with amplification of resistant subpopulations (25) (26) (27) (28) (29) 40) . Similarly, peak/MIC ratios shown in Figure 4B were in the range associated with resistance amplification. Although PAS, clofazimine, ethionamide, and cycloserine exposures associated with resistance amplification are unknown, for ethionamide, cycloserine, and clofazimine most peak/MIC ratios were less than 1 and would thus not kill Mtb and likely only amplify resistance. Figures 4C  and 4D show that the mean intracellular AUC/MIC exposures for isoniazid (94 6 155) and ethambutol (40 6 49) were still in the range associated with amplification of resistant subpopulations (25) (26) (27) (28) (29) 40) . However, for intracellular moxifloxacin (AUC/MIC = 1,273 6 2,611) and pyrazinamide (peak/MIC = 3.6 6 5.4), 27% and 41% of exposures were above the resistance suppression thresholds, respectively (25) (26) (27) (28) (29) 40) .
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Mtb WGS and ADR
The cavitary and sputum Mtb isolates underwent WGS twice at two different research centers in two separate extractions, each using freshly prepared libraries. The call rates between the two centers are shown in Table E5 . A total of 3,035 very high-quality common variants were called (call rate > 95%) and used in further analyses: 2,806 were SNPs. The median number of SNPs per cavity was 37 (range, 18-165), which was 5.2 (range, 3.1-28) SNPs per biopsy position. Hierarchical clustering revealed results shown in Figure 5A , which demonstrates considerable isolate heterogeneity within each cavity and the contemporaneous sputum isolate at time of surgery, consistent with MIC heterogeneity within each cavity and ongoing ADR.
In seven of the patients we had collected sputum isolates pretreatment (i.e., z24 to 48 mo before surgery and at time points thereafter), designated as t = 0, which we compared with WGS of isolates from sputum and cavities at t = 1 (i.e., at time of surgery) within each patient. This enabled us to interrogate the evolution of Table E6 . Figure 5B shows the number of new nonsynonymous SNPs per isolate at t = 1 not present at t = 0. Table  E6 is an Excel document with three sheets characterizing the SNPs in detail. The first sheet lists all new SNPs at t = 1 that developed since t = 0 in isolates from the same patient. The second sheet lists all validated Mtb genes known to be associated with antibiotic resistance and efflux pumps, which we used to query all the SNPs. The results of the query of drugresistance-associated SNPs (see third Excel sheet in Table E6 ) at t = 1 not present at t = 0 (pretherapy isolate) in the same patient are shown in Figure 5B . Table E5 shows that the new antibiotic resistance SNPs were often encountered at some cavity positions and not others at the time of surgery, further suggesting that the process of ADR was not yet complete and was ongoing.
Discussion
In this prospective study, we documented ADR by: 1) patient history; 2) MIC heterogeneity within cavities, such that at some positions MICs indicated resistance and at some they indicated susceptible isolates within the same cavity; and 3) new drug-resistance-associated SNPs in Mtb isolates on treatment with a cocktail of antibiotics for at least 5 months and not present at a time point before treatment. Mathematical models that depend on the concept of spatial monotherapy, and the generation and migration of drug-resistant clones against a concentration gradient, have been proposed to explain ADR (21, 23, 43, 44) . Our dynamical sink model of distance dependence revealed two patterns of drug concentration decline. The first was a "well" at the air-caseum interface due to a steep fall at the fibrous cavity wall and in the fluid-like caseum phase. The second was a concentration decline inversely proportional to the distance from the source. These two patterns, and their variability, had two major consequences. In the majority of locations, we observed AUC/MIC and peak/MIC exposures known to amplify ADR subpopulations for isoniazid, ethambutol, pyrazinamide, and moxifloxacin. Second, we also found that MICs were inversely associated with gradient, peak concentration, and AUC. On the other hand, spatial monotherapy was not statistically associated with increased MIC and was encountered in only a minority of positions, and the presence of two to three drugs at effective concentrations was the most common scenario. We propose that the two former scenarios could be more important than spatial monotherapy in development of Mtb ADR from MDR-TB to XDR in the face of more than eight-drug therapy.
There are several possible direct clinical implications of our findings. First, the results imply that fundamental changes may be required to the way in which anti-TB drugs and regimens are selected for clinical trials (focusing on drugs with high intracavitary penetration), delivered to the site of disease, dosed in individual patients, and monitored during therapy. Inhaled formulations as therapeutic adjuncts to oral therapy, to overcome the low concentrations in the cavity center for most of the drugs studied (Figure 1) , could be needed. However, in some patients, inhalational therapy will be limited by poor ventilation in the lung regions with large cavities (45) . For other drugs, such as moxifloxacin, there may be need for increased doses to achieve AUC/MIC and peak/MIC ratios higher than currently achieved and, for others, strategies such as therapeutic drug monitoring to minimize ADR and the emergence of incurable TB (2, 3). Second, our drug penetration results may also have implications for explaining the z50% treatment success rate using the conventional World Health Organization-approved MDR-TB regimen and the recent suboptimal results of the "Bangladesh-like MDR-TB regimen" evaluated in the STREAM 1 (Stage 1 of the Evaluation of a Standard Treatment Regimen of Anti-tuberculosis Drugs for Patients with MDR-TB) study, which includes moxifloxacin, clofazimine, pyrazinamide, isoniazid, and ethambutol (among others) that we studied here, as well as disappointing clofazimine results from China (46) . Several of these drugs had poor penetration of lung cavities. Thus, there is likely a need to find drugs that have better penetration into TB cavities. A third important finding involves use of sputum cultures to individualize drug choice and drug doses in patients with MDR-TB. Is a predictive accuracy of only 50% regarding MICs in sputum isolates good enough to change therapy targeting intracavitary isolates? This could be explained by withinsubject purifying mutations arising de novo within patients, as recently described in autopsy studies of disseminated TB in patients with AIDS (47) . Regardless, findings of the spatial MIC heterogeneity present a special conundrum to clinical decision making in treatment of patients with MDR and XDR-TB and their exposed contacts.
There are several limitations. Our patients had been receiving treatment for 13 months for the current episode, on average, and had a history of prior TB for an average of 3 years, which means they likely had endstage cavities and thickened cavity walls. It is unclear if the same drug penetration findings would be generalizable to newly diagnosed patients' cavities with thin walls or to those with drug-susceptible TB. However, the same relationships between drug concentration and ADR have been identified in preclinical models of drugsusceptible TB with first-line anti-TB drugs and quinolones (17, (25) (26) (27) 29) . Second, we calculated caseum/serum ratios of 0.48 6 0.16 for pyrazinamide and 3.09 6 1.91 for moxifloxacin from the publication by Prideaux and colleagues (21) . The average measured caseum/serum concentration ratio was 0.45 for pyrazinamide in our patients, and our dynamical sink model revealed Figure 5 . (Continued). 19.6 by 25 SNPs in the largest height for isolates in patient 19, within the same cavity. This shows much diversity of SNPs in each cavity; for the cavity in patient 3 (blue), there were two completely unrelated strains of different phylogenetic lineage. (B) y-axis shows the mean number of new mutations in the t = 1 isolate versus t = 0 isolate. Isolates from patients who had WGS of isolates before the current treatment episode (t = 0; time of diagnosis) revealed new nonsynonymous mutations compared with the time of lung explant or current treatment at t = 1. The mean number of SNPs in drug-resistance-associated genes (target site and efflux pumps) in the seven sets of isolates is for nonsynonymous mutations. Genes with new target site mutations included gyrA (quinolone resistance) and gidB (aminoglycoside resistance), consistent with evolution from multidrug-resistant tuberculosis before current treatment episode to extensively drug-resistant tuberculosis after z5 months of therapy. moxifloxacin accumulation in the cavity wall. These two factors suggest that the drug penetration factors we identified will be similar across different spectra of patients. In the Kramnik mouse model of drug-susceptible TB, where mice with new necrotic granulomas with a fibrous capsule were treated, there were higher numbers of drug-resistant Mtb inside hypoxic encapsulated granulomas compared with cultures from nonnecrotic TB lesions (20) . Thus, it is likely not age of lesion that is important, but the tissue architecture of the lesion. Patients with any cavitary disease should thus have drug doses optimized and be treated with drugs that are better able penetrate cavities.
In conclusion, a drug-penetration gradient across the TB cavity wall in patients with MDR-TB likely creates two scenarios associated with acquisition of resistance: antibiotic exposures that amplify ADR and low drug concentrations that drive up MICs. Interventional strategies to prevent the development of drugresistant TB will involve reversing these scenarios. n
